The proteins synthesized in vaccinia-infected HeLa cells have been analyzed at different times after infection by using two-dimensional gel electrophoresis. Vaccinia-infected cells present up to 198 polypeptides (138 acidic, isoelectric focusing; 60 basic, nonequilibrium pH gradient electrophoresis) not detected in control cells. Cells infected in the presence of cycloheximide show 81 additional polypeptides after cycloheximide removal, resulting in a total estimate of 279 proteins induced after vaccinia infection. The glycoproteins made at various times postinfection were also analyzed. At least 13 proteins labeled with [3H]glucosamine were detected in vaccinia-infected HeLa cells.
The proteins synthesized in vaccinia-infected HeLa cells have been analyzed at different times after infection by using two-dimensional gel electrophoresis. Vaccinia-infected cells present up to 198 polypeptides (138 acidic, isoelectric focusing; 60 basic, nonequilibrium pH gradient electrophoresis) not detected in control cells. Cells infected in the presence of cycloheximide show 81 additional polypeptides after cycloheximide removal, resulting in a total estimate of 279 proteins induced after vaccinia infection. The glycoproteins made at various times postinfection were also analyzed. At least 13 proteins labeled with [3H]glucosamine were detected in vaccinia-infected HeLa cells.
Vaccinia virus is the best-studied member of the Poxviridae family, which contains the most complex species of the DNA virus group. It has a double-stranded DNA molecule of 180 kilobase pairs as its genome (12) . Based on this genome size, 200 to 300 different proteins encoded by vaccinia DNA were anticipated (3, 12) . Gene expression during the viral lytic cycle is divided into an early and a late phase. The products synthesized during the early phase have been divided into two classes, the immediate early and the delayed early products (12) . The immediate early mRNAs are those which are transcribed when protein synthesis inhibitors are present from the beginning of infection (4) . The proteins coded by these immediate early mRNAs can be identified either by cell-free translation of the isolated mRNAs or by cycloheximide reversal (19). The late phase of the viral lytic cycle consists of the genes that are expressed after the onset of viral DNA replication (6, 15) . Concomitant with the onset of viral gene expression there is a drastic inhibition of cellular protein synthesis that facilitates the identification and study of the viral proteins (for a review, see reference 12) . Some early attempts have already been made to identify the proteins expressed in vaccinia-infected cells (12) . These studies were done by using one-dimensional gel electrophoresis, and therefore relatively few proteins were detected. Analysis of the polypeptide composition of vaccinia virions by two-dimensional gel electrophoresis showed at least 111 proteins that form part of the virion particle (5) . To learn more about the different proteins expressed in vaccinia-infected cells, we carried out a thorough analysis of the proteins synthesized at various times after infection by using high-resolution two-dimensional gel electrophoresis (1, 2, 13, 14) . Our results indicate that up to 279 different polypeptides specific for vaccinia-infected cells can be identified by this technique.
MATERIALS AND METHODS
Cells and viruses. HeLa cells, mycoplasm free, were grown as monolayers in Dulbecco modified Eagle medium containing 10% fetal calf serum and antibiotics (10, The infected cells were labeled with [35S]methionine every hour after infection as previously described (1) . For that purpose, 50 ,ul of methionine-free medium containing 1.7 mCi of [35S]methionine per ml was added. After 1 h of incubation at 37°C, the medium was removed, and the cell monolayer was dissolved in 100 ,ul of 9 M urea-0. 1 M dithiotreitol-2.8% Nonidet P-40.
Analysis of proteins by two-dimensional gel electrophoresis.
The procedure for two-dimensional electrophoresis has been described in detail elsewhere (1, 2, 13, 14 -~. A66  27  A67  A68  A69   A70   A71  A72  A73  A74  A75  A76  A77  A78  A79  A80  A81  A82  A83  A84  A85  A86  A87  A88  A89  A90  A91  A92  A93  A94  A95  A96  A97  A98  A99  A100  A101   A102  A103  A104   A105   A106  A107  A108  A109  A110  Alll   A112  A113  A114   A115   A116  A117  A118  A119  A120  A121  A122  A123  A124  A125  A126  A127  A128  A129 A2  A3  A4  AS  A6  A7  A8  A9  A10  All  A12  A13  A14  A15  A16  A17  A18  A19  A20  A21  A22  A23  A24  A25  A26  A27  A28  A29  A30  A31  A32  A33  A34  A35  A36  A37  A38  A39  A40  A41  A42  A43   A44  A45  A46  A47  A48  A49  ASO  AS1  A52   A53   A54   ASS   A56  A57  A58   A59  A60  A61   A62   A63  A64  A65 vaccinia virus-infected cells synthesized from 1 to 2, 4 to 5, and 9 to 10 h postinfection are shown (Fig. 2, 3 , and 4, respectively). These results should be compared with the uninfected HeLa cell pattern (Fig. 1) . The polypeptides specific to virus-infected cells were named by an A or B followed by the number shown in the gel. A designated the acidic polypeptides (IEF gel; 13), and B designated the basic polypeptides (NEPHGE gels; 14). Vaccinia virus expresses its genes in a coordinate fashion (3); according to this regulation, the different gene products can be divided into at least three different groups: early, medium, and late. At least 198 new polypeptides in infected cells were observed (Fig. 2 through 4 ). Of these, 138 were acidic (IEF gels), and 60 were basic (NEPHGE gels). These data should be taken as an underestimate of the vaccinia capacity, since <10,000-molecular-weight proteins (<10K proteins) did not appear on the polyacrylamide gels. It should also be noted that most of these proteins had a rather low molecular weight, resulting in a sum of all 198 polypeptides of 6.388 x 106 daltons, which is close to the coding capacity of the vaccinia genome; i.e., 60,000 amino acids, if all of the genome is used to code for protein.
It is most striking that many products were synthesized in rather high amounts early during infection. Some of these abundant products appeared only during the early times (A16, B3, B5, B6, and B13), whereas others were synthesized at high rates throughout infection, such as polypeptides A8, A19, A21, A28, A30, A35, A42, B10, B12, and B18 (Fig. 2 through 4 and Table 1 ). Many more proteins were synthesized both during early and medium times, but not during late times. Similarly, some proteins were only observed at medium times. The most abundant of those were A49, ASO, A54, A60, A63, A66, A77, A81, B24, and B30 (Table 1) . Finally, proteins that were only apparent at late times were rather numerous and were made up of polypeptides A83 through A138 and B36 through B60 (Fig. 4 and Table 1 ).
Polypeptide synthesis after cycloheximide release. After the entry of the vaccinia virus into the cells, partial decapsidation of the virion particle took place. This step activates the enzymes involved in RNA synthesis and processing carried out by the virion (12) . Enhanced expression of early mRNAs occurs when protein synthesis is blocked from the beginning of infection, as, for instance, with cycloheximide (19). Release of cycloheximide blockade leads to increased synthesis of the proteins coded by these early mRNAs. Detection of these early products after cycloheximide release is also facilitated because there is an increased shutoff of host protein synthesis. To identify these early proteins, cells were infected with vaccinia virus and simultaneously treated for 3 h with 10-5 M cycloheximide. Next, cells were thoroughly washed with fresh medium and labeled at different times after infection. Figures 5 and 6 show the proteins synthesized at early and late times under those conditions. Strikingly enough, new proteins appeared which were not present in the uninfected control or in the virally induced proteins (Fig. 2 through 4) . These proteins were not very abundant in their majority, suggesting that they were not observed previously because they were synthesized in very low amounts and therefore not detected under normal conditions of infection. Taking into account these new polypeptides, the total number of proteins detected in vaccinia virus-infected cells can be increased to 279. In addition, the gels obtained with cycloheximide reversal provide evidence of the existence of most of the proteins that appeared in low amounts under normal conditions. Thus, proteins A18, A20, A29, A33, A38, A47, A53, A58, AM, A81, A82, A93, A102, A104, AllO, A113, A123, A126, A127, A130, A133, A134, A135, B26, B31, B41, B44, B45, B46, B57, B58, B59, and B60 are more clearly seen under conditions of cycloheximide release. For a summary of the relative appearance of each protein, see Table 1 .
Analysis of glycoproteins. To analyze the glycoproteins synthesized after vaccinia virus infection, HeLa cells were labeled with [3H]glucosamine from 0 to 4 and 4 to 8 h postinfection, and the proteins were analyzed by twodimensional gel electrophoresis. In Fig. 7 , proteins A6 and A54 appear heavily marked during the 0-to 4-h period, whereas proteins A4, A7, A55, A83, A95, and A100 are clearly labeled from 4 to 8 h postinfection. Also, proteins A34, A87, A106, A110, and A184 appear, labeled with
[3H]glucosamine. A very characteristic shape of most of these proteins was observed when they were labeled with
[35S]methionine (Fig. 2 through 6) . Instead of the normal rounded dot, they appeared to be diffuse in the vertical axis. DISCUSSION Work on vaccinia virus has concentrated recently on the detailed analysis of the structure and organization of its genome (10, 11, 17, 18 about the polypeptides expressed in the infected cells. Early attempts to explore this subject illustrated the regulated gene expression that takes place during vaccinia virus replication (for reviews, see references 3 and 12). A detailed account of the proteins synthesized in vaccinia-infected cells has been hampered by the complexity of vaccinia gene expression. Analysis of the proteins encoded by small animal viruses can be accomplished by one-dimensional gel electrophoresis, but this method is not adequate to discriminate the polypeptides encoded by large DNA animal viruses. The proteins synthesized in infected cells by two poxviruses had already been analyzed by two-dimensional gel electrophoresis. Thus, a total of 84 virus-induced proteins were resolved in Yaba tumor poxvirus-infected monkey kidney cells (16) , and up to 115 structural polypeptides were resolved in monkey poxvirus-infected cells (7) . However, these workers only analyzed IEF gels and therefore lost many basic polypeptides (14) . Moreover, the conditions of labeling and the electrophoretic method used differed from the conditions described in the present work. Similarly, Essani and Dales (5), by using the conventional O'Farrell two-dimensional gel electrophoresis technique (13) , identified around 111 polypeptides in the vaccinia virus particle. It is difficult to compare our gels with those previously described because of U) U) 544 S7m. The present identification of 279 induced proteins in vaccinia virus-infected cells indicates the great complexity of gene expression during the vaccinia lytic cycle. Obviously, this number is an underestimate of the proteins that are induced in vaccinia-infected cells, since it is possible that some proteins did not enter the gel. On the other hand, <10K proteins would not be detected by the gels used in this work. Moreover, although the conditions of labeling were conducive to proteins of high specific activity, it is possible that some of them were not detected either because they were synthesized in very low amounts or because they were deficient in methionine.
Another finding which should be discussed is that some of the proteins identified in our gels might have been derived from other proteins by several possible modifications, such as proteolytic cleavage, glycosylation, phosphorylation, etc. In fact, the sum of the estimated molecular weights of all the polypeptides described in this work was 9.48 x 106 daltons. This number exceeds the approximate 60,000-amino acid coding capacity of the vaccinia genome (about 7.2 x 106 daltons), suggesting either that some of the polypeptides identified in vaccinia-infected cells are coded by the cells and induced by the infection, or that some have a precursorproduct relationship, or both.
A discussion of the relative expression of each polypeptide at the different times of infection and under the different conditions described would be too lengthy (for a summary, see Table 1 ). But it is striking that some proteins were synthesized in high amounts throughout infection irrespective of whether the cells had been treated with cycloheximide. This was the case for polypeptides A8, A21, A30, A35, A42, B10, B12, and B18. We do not know whether the genes coding for these proteins were expressed continuously during infection or whether relatively high amounts of their mRNAs were synthesized only at early times and remained stable throughout infection. Nevertheless, these findings suggest that the mRNAs that code for these proteins are translated at all times during infection. How this is achieved and why the translation of these mRNAs is not shut down at late times remains to be determined. A possibility is that these mRNAs have a high affinity to bind to ribosomes and therefore are efficiently translated even under conditions that turn off the translation of other early mRNAs.
